Eight patients with acute respiratory failure secondary to chronic bronchitis were studied for up to 5 consecutive days following admission; cardiac output and intravascular pressures, blood volume, arterial blood gas tensions, and body weight were measured. These observations were also compared with further measurements made some weeks later just before the patient was discharged. The effects of oxygen and acetylcholine on the pulmonary circulation were also studied. Pulmonary arterial pressure was raised in all patients during their acute illness and had fallen substantially after recovery. The pulmonary arterial pressure throughout the study correlated directly with the arterial carbon dioxide and inversely with the arterial oxygen tensions. The inhalation of 24% and 28% oxygen and the infusion of acetylcholine into the pulmonary artery resulted in a fall in pulmonary arterial pressure, often to levels close to those subsequently seen after recovery from the acute illness. No significant change in cardiac output was observed. It is suggested that the acute pulmonary hypertension seen in these patients is due primarily to pulmonary vasoconstriction resulting from hypoxia.
• Cournand and his colleagues have demonstrated that patients with acute respiratory and congestive failure secondary to chronic bronchitis and emphysema have, in general, a higher pulmonary arterial pressure than similar patients who are not in congestive failure (1) . This pulmonary hypertension is associated with a lower oxygen saturation and an increased carbon dioxide tension in arterial blood. However, when these patients recover from their acute illness, the pulmo-nary arterial pressure falls towards normal, often to levels that are no different from those found in patients who have never been in failure. Similarly, there is a return of arterial oxygen saturation and carbon dioxide tension towards normal. It is evident that the further increase in pulmonary arterial pressure which is found during acute congestive failure cannot be explained solely on the basis of fixed anatomical lesions.
Various workers have implicated changes in arterial blood gas tensions, pH, cardiac output, and blood volume to explain this acute pulmonary hypertension. Although there is much evidence that induced hypoxia leads to an increase in pulmonary arterial pressure and pulmonary vascular resistance (2) , others have shown that when patients with acute respiratory and congestive fail-52 ABRAHAM, COLE, GREEN, HEDWORTH-WHITTY, CLARKE, BISHOP ure breathe 100% oxygen, the pulmonary arterial pressure falls but little (3, 4) . These authors suggested that the vasoconstrictor response to a concomitant increase in carbon dioxide retention may have masked any vasodilating effect of oxygen on the pulmonary vascular bed. There is, however, no evidence that hypercapnia has such an effect in man.
We thought that one approach to the study of factors contributing to this acute pulmonary hypertension was to investigate the time course of the changes in these factors, and also their relation to the onset of diuresis during the period of recovery. We also studied the effect on pulmonary arterial pressure of inhaling gas mixtures of an oxygen concentration great enough to correct alveolar hypoxia, without at the same time producing a large increase in carbon dioxide tension. Finally, we used acetylcholine to test the hypothesis that pulmonary vasoconstriction was the major factor responsible for the acute pulmonary hypertension, since it has already been shown to be a powerful pulmonary vasodilator, particularly when acting on pulmonary vessels previously constricted by hypoxia (5, 6) .
Methods

Patients Studied
Eight patients (seven males and one female) aged between 51 and 68 years were studied. All had a history of chronic bronchitis for at least 10 years and were admitted with an exacerbation of their bronchitis associated with severe hypoxemia and hypercapnia.
Patients and relatives were interviewed on admission and the reasons for the study carefully explained; it was stressed that measurements being made solely for research purposes would be discontinued at any time the patient or relatives wished.
General Management
All procedures and measurements made during the acute illness were carried out at the patient's bedside in a side ward. The patients were confined to bed and were treated with antibiotics, hourly inhalations of isoprenaline, regular breathing exercises, and postural coughing. Digoxin was not given, but if a patient had already been receiving diuretic therapy at home, this was continued in the same dosage. Oxygen was discontinued at least 2 hours before the beginning of each study.
Technical Methods
A polythene catheter was inserted into a brachial artery by the Seldinger technique, and a flexible nylon catheter (i.d., 0.75 mm; o.d., 0.94 mm) was introduced via a cannula into an ante cubital vein and passed into a branch of the pulmonary artery. The details of their introduction and the methods of intravascular pressure recording have been previously described (7) . Both catheters were then left in position for the 4 to 6 days of the study.
Cardiac output was measured by the dye dilution method (8), 2.5 mg of indocyanine green being injected into the pulmonary artery. Blood, withdrawn continuously from the brachial artery, was passed through a densitometer (Gilford Inst. Lab. Inc. Model 103 IR) and later returned to the patient. The primary curve was obtained by semilogarithmic correction and its area determined by planimetry. The calibration factor was obtained each day immediately after the completion of the study by noting the deflection obtained when the patient's blood containing three different known concentrations of dye was passed through the densitometer. Central blood volume was calculated by the method of Ebert et al. (9) .
Microelectrodes (Radiometer) were used for measurement of arterial blood oxygen and carbon dioxide tension and pH; the standard deviation of the differences between true and observed readings was 1.1 mm Hg for oxygen values between 0 and 150 mm Hg (10), and 0.9 mm Hg for carbon dioxide. Plasma volume was measured using 125 I-labe]ed albumin, 1, 2, 4, and 8 JUC of 125 I being injected on consecutive days. Uptake of radioiodine by the thyroid was inhibited by the administration of potassium iodide. Red cell volume was measured using M Cr (10 to 15 fie); the technique was essentially that of Sterling and Gray (11) as modified by Mollison and Veall (12) . Arterial hematocrit was read in Wintrobe tubes after centrifugatdon at 2000 g for 30 minutes, a factor of 0.96 being used to correct for trapped intercellular plasma (13) .
Procedure
The daily intake and output of fluid was recorded. On the day of admission and on each subsequent morning measurements of body weight, arterial hematocrit, and plasma volume were made. Red cell volume was measured once only, on admission or on the next day. The protocol on each of the 5 days following admission was as follows:
1. With the patient breathing air, measurements were first made of pulmonary and brachial arterial pressure, cardiac output and central blood vol-ume, arterial oxygen and carbon dioxide tension and arterial pH in duplicate.
2. After the patient breathed 24% to 31% oxygen for 60 minutes either by a Ventimask (14) or nasal catheter (15) , these measurements were repeated; in three patients (J. C, E. P., and F. E.) the concentration was increased from 24% to 28% after 30 minutes. A small increase in arterial carbon dioxide tension was usually observed.
3. Acetylcholine (100 mg of crystalline acetylcholine chloride dissolved in 100 ml of 0.9% NaCl) was infused into the pulmonary artery at a rate of 1 mg/min for 10 minutes in three patients (J. H., E. P., and N. W.), and more was infused in one patient (F. E.) into the right atrium at a rate of 3, 6, 8, and 9 mg/min on successive days. As judged by the absence of change in heart rate, brachial arterial blood pressure, and respiratory rate, acetylcholine was destroyed so rapidly as to have had no effect upon the systemic circulation.
Measurements were made during a control period when a solution of 0.9% NaCl containing 1 unit of heparin per ml was infused into the pulmonary artery. The infusion of acetylcholine was then started, and measurements were repeated at 5 and 10 minutes, after which time the acetylcholine was replaced by the control infusion.
The order in which oxygen and acetylcholine were administered was varied in each patient from day to day. After oxygen was administered an interval of 60 minutes was allowed before the acetylcholine study was started, and when acetylcholine was infused first, a recovery period of 15 minutes preceded the oxygen study.
At the end of each day's study, the pulmonary and brachial arterial catheters were strapped to the arm, and their patency maintained by the infusion of about 500 ml of a 5% glucose solution containing 1 unit of heparin per ml until the following morning. A similar solution was used periodically to flush the brachial arterial catheter. No local or systemic side effects were encountered as a result of this long-term cardiac catheterization.
Finally, after recovery from the acute illness and before leaving the hospital, the patients were studied again using a double-lumen no. 9 catheter and the above observations repeated. Red cell volume, plasma volume, hematocrit, and body weight were again measured.
The significance of the observed changes was assessed by the Student f-test.
Results
The sex, age, and height of the patients studied are given in Table 1 together with the 
MEASUREMENTS ON PATIENTS DURING INHALATION OF AIR
On the first day of study all patients had pulmonary arterial hypertension; two (A.S. and J.H.) had no peripheral edema, hepato-*A table giving serial circulatory measurements has been deposited as Document number NAPS-00168 with the National Auxiliary Publications Service of the American Society for Information Science, c/o CCM Information Sciences, Inc., 22 West 34th Street, New York, N. Y. 10001. A copy may be secured by citing the Document number and remitting either $1.00 for microfiche copies or $3.00 for photo copies. Advance payment is required. Make checks or money orders payable to ASIS-NAPS. megaly, or increase in jugular venous pressure. The average pulmonary arterial mean pressure was 52.2 mm Hg. Shortly before the patients had left the hospital, the pulmonary arterial pressure had fallen in all except one patient (A.S.); the final mean pulmonary arterial pressure then was 36.5 mm Hg which was significantly lower than the value obtained on admission (P < 0.01) ( Fig. 1) .
On the day of admission patient E.P. had a pulmonary wedge pressure of 23 mm Hg and that of J.C. was 20 mm Hg. Neither gave a history of angina or myocardial infarction; the brachial arterial pressure was 117/70 (87) and 132/76 (92), respectively, and there was no electrocardiographic evidence of left ventricular hypertrophy or ischemia. After recovery, the pulmonary wedge pressures had fallen to 15 and 9 mm Hg, respectively. In three other patients (N.W., J.H., and F.E.) pulmonary wedge pressure measurements were obtained only after recovery. The values were 9, 9, and 11 mm Hg, respectively.
The mean values for cardiac output on admission and after recovery were 5.37 and 5.04 liters/min, respectively, and were not significantly different.
The mean arterial oxygen tension (Pao 2 ) on admission was 38.7 mm Hg rising to 54.2 mm Hg before discharge (P<0.001) ( Fig.  1) ; the mean arterial carbon dioxide tension (Paco 3 ) on admission was 64.0 mm Hg falling to 56.2 mm Hg after recovery (P <0.02). There was no significant change in arterial pH, the mean values on admission and discharge being 7.377 and 7.421, respectively.
Arterial hematocrit fell significantly from a mean of 48.9% to 46.2% (P<0.01). Red cell volume measured in five patients fell from a mean of 2,964 to 2,498 ml (P<0.02). Significant reduction in plasma volume occurred in five patients; the mean change for the whole group was from 3,542 to 3,026 ml (P <0.05) ( Fig. 1) . A significant decrease in body weight was, however, noted in all but one patient. Total blood volume, measured in five patients, fell from 6,428 to 5,404 ml (P <0.05). Central blood volume fell with recovery in five out of six patients; the mean values on admission and before discharge for the whole group were 1,150 ml and 1,010 ml, respectively, but the change was not significant.
Serial Changes during the Early Recovery Period
Three patients (R.W., J.W., and N.W.) had a diuresis, indicated by a fall in plasma volume during the 5-day period of intensive study. In each of these patients there was a progressive fall in pulmonary arterial pressure and in plasma volume and a rise in arterial oxygen tension ( Fig. 1 ) accompanied in two patients by a fall in arterial carbon dioxide tension. There was no change in Circulation Research, Vol. XXIV, January 1969 cardiac output. The fall in pulmonary arterial pressure commenced before there was any decrease in plasma volume, but it was synchronous with the rise in Paoo.
There was no change in plasma volume during the 5-day period of study in the remaining five patients. These patients showed no consistent change in pulmonary arterial pressure, cardiac output, or arterial blood gas tensions.
There was a negative correlation between all values of pulmonary arterial mean pressure and simultaneous arterial oxygen tensions taken throughout the study (r = -0.737; P < 0.001), and a positive correlation between Pacoo and pulmonary arterial pressure (r = 0.481; P<0.01). There was no correlation between the degree of pulmonary hypertension and the arterial hydrogen ion concentration obtained during the acute illness and after recovery (r = 0.124; P<0.1); of 35 pH readings, only 4 were at or below 7.35.
There was a positive correlation between pulmonary arterial pressure and central blood volume (r = 0.398; P<0.05). No correlation was found between pulmonary arterial pressure and either red cell volume (r = 0.249; P>0.1), plasma volume (r = 0.197; P>0.1), or total blood volume (r = 0.210; P > 0.1), but there was a positive correlation with arterial hematocrit (r = 0.494; P<0.01).
EFFECTS OF THE ACUTE ADMINISTRATION OF OXYGEN
The mean Pao 2 for all patients throughout the first 5 days was 42.4 mm Hg when they breathed air; it rose to 64.8 mm Hg when 28% oxygen was administered. In the three patients who breathed air and then 24% and 28% oxygen, the mean Paoo rose from 38.1 mm Hg to 49.0 mm Hg to 62.2 mm Hg. After full recovery from the acute illness, the mean Paoo was 51.8 mm Hg when the patients breathed air and 81.9 mm Hg after 28% oxygen.
The rise in arterial carbon dioxide tension (Pacoa) during the administration of oxygen averaged 4 mm Hg during the acute illness, the biggest increase being 11 mm Hg on one occasion (patient J.H.). The mean arterial pH was 7.393 and 7.367 during the air and oxygen breathing period, respectively (P < 0.02).
During the acute illness, the pulmonary arterial pressure fell during oxygen administration (Fig. 2) in all but two patients (A.S. and J.C.); the mean pulmonary arterial pressure for all patients before and after oxygen administration was 47.7 and 42.7 mm Hg, respectively (P<0.001). In patients J.H., E.P., and N.W., the pulmonary arterial pressure fell on almost every occasion to within 4 mm Hg of the pressure finally recorded after recovery from the acute illness.
The largest decrements in pulmonary arterial pressure occurred during the first few days after admission when the pulmonary arterial pressure was at its highest. After full recovery the mean fall in pulmonary arterial pressure with 28% oxygen was not significant.
There was no consistent change in cardiac output when the patients breathed oxygen; the mean values when the patients breathed air and oxygen were 5.39 and 5.37 liters/min, respectively (P > 0.1).
The pulmonary arterial pressure after the patient had breathed 28% oxygen for 60 minutes was not significantly different from that Effects of breathing 28% oxygen for 30 minutes. Values for mean pulmonary arterial pressure, cardiac output and arterial blood gas tension are shown with the patients breathing air and oxygen on consecutive days after admission and again before discharge. Patient symbols: Relationship between fall in mean pulmonary arterial pressure and rise in arterial oxygen tension in patients breathing 24% oxygen followed by 28% oxygen.
after 30 minutes, nor was there any further significant increase in arterial oxygen tension, with one exception. Breathing 28% oxygen caused a further decrease in pulmonary arterial pressure in patients previously breathing 24% oxygen, and this appeared to be closely related to the further rise in arterial oxygen tension (Fig. 3) .
EFFECT OF ACETYLCHOLINE
When acetylcholine was infused into the pulmonary artery the mean pulmonary arterial pressure fell on all but two occasions, the mean change being from 48 to 45 mm Hg (P<0.01) ( Fig. 4) . Patients E.P. and J.H. showed, on occasions, a fall in pressure to values only slightly higher than those obtained after full recovery from the acute illness. In spite of the larger doses employed, the infusion of acetylcholine into the right atrium (patient F.E.) produced virtually no change in pulmonary arterial pressure.
Discussion
Pulmonary hypertension was present in all of the patients studied during the stage of acute respiratory failure, and the pulmonary arterial pressure had fallen when the patients were studied again after full recovery from the acute illness. It is important to note that this occurred irrespective of the presence of clinical signs of congestive failure at the commencement of the study. We believe that the present results lend support to the suggestion that hypoxia played a major part in this reversible pulmonary hypertension. In the first place we, as have others (16) (17) (18) (19) , found a negative correlation between pulmonary arterial pressure and arterial oxygen tension. This correlation does not, of course, signify causation, but we also noted that the time course of serial changes in these two measurements was closely similar in individual patients. Thirdly we, like others (20) (21) (22) (23) , found little effect on pulmonary arterial pressure when oxygen-enriched mixtures were administered to these patients after recovery. The situation was quite different during the acute illness when the administration of oxygen caused reductions in pressure, at times to levels close to those reached after full recovery. This suggests that the reversible pulmonary hypertension was due almost entirely to hypoxia. There were only small changes in carbon dioxide tension during the same period, but it seems unlikely that these were important in this context.
Other factors that have been suggested as being important in the mechanism of the acute increase in pulmonary arterial pressure include an increase in blood volume and cardiac output and a fall in blood pH. In none of the patients studied was there any evidence of a relationship between either plasma volume, red cell volume, or total blood volume on the one hand, and pulmonary arterial pressure on the other, and in particular, the pulmonary arterial pressure started to fall before the reduction in plasma volume that occurred in three patients. It has also been shown that the effect of acute hypoxia in raising pulmonary arterial pressure is not potentiated by an increase in blood volume (24) . Although there was a significant decrease in hematocrit, it was within a range not associated with large alterations in blood viscosity. Furthermore Segel and Bishop (19) have shown that even very much larger changes in viscosity do not have an important effect upon pulmonary arterial pressure. The fall in red cell volume which was observed was more than could be accounted for by the blood lost during each study, and presumably resulted from progressive correction of hypoxia as previously observed during the long-term administration of oxygen (7) . There was no evidence of an increased cardiac output in this study and serial measurements showed no consistent change.
Whether acidemia is a major factor responsible for the acute pulmonary arterial hypertension of these patients is again controversial. The study described here provides no evidence that an increased arterial hydrogen ion concentration is related to the degree of pulmonary hypertension. The mean pH on admission was virtually normal at 7.38, the patient who had the lowest pH of 7.26 also had the lowest pulmonary arterial pressure, and there was no consistent or significant increase, in pH with recovery of these patients.
The finding of a high wedge pressure in the two patients in whom it was measured requires explanation. A high wedge pressure has been found in similar patients, both with and without congestive failure, in whom there was no evidence of left ventricular failure (22, 25, 26) . It has been suggested that the increased alveolar pressure secondary to an increased airways resistance might, in these patients, be sufficient to collapse and close off the small pulmonary arterioles distal to the tip of the wedged catheter. Under these circumstances, the pulmonary wedge pressure would be an index of alveolar pressure (26).
Harris et al. (27) suggest that the raised alveolar pressure is also an important factor determining the final height of the pulmonary arterial pressure, since it may cause compression of the pulmonary resistance vessels. Astin and Penman (28) found a significant association between airway resistance and arterial oxygen tension in 18 patients with chronic lung disease breathing air. When these patients breathed 30% oxygen for 20 minutes, there was a significant reduction of airways resistance by an average of 20!?. It could therefore be argued, although it seems unlikely, that the effect of oxygen in reducing pulmonary arterial pressure was an indirect one mediated by its effect on airway resistance and presumably also on alveolar pressure.
In summary, therefore, in all patients except one a fall in pulmonary arterial pressure was observed with recovery from the acute illness and coincided with an increase in arterial oxygen tension. The effect of oxygen and acetylcholine during the acute illness in all but two patients was to reduce pulmonary arterial pressure, sometimes to values close to those subsequently seen after the patient's full recovery. This occurred although the plasma and total blood volume were still raised and in the absence of any fall in cardiac output or hydrogen ion concentration. These findings support the hypothesis that the pulmonary hypertension seen during the acute stage of the disease is due mainly to vasoconstriction secondary to hypoxia.
It has recently been shown that the chronic pulmonary hypertension of patients with bronchitis and long standing hypoxemia can be relieved by the continuous administration of oxygen over many weeks, and it was postulated that the increase in pulmonary arterial pressure was due to muscular hyperplasia of the small pulmonary arteries and arterioles secondary to chronic hypoxia (7) . If these findings are linked with the present ones, it can be postulated that the underlying chronic, "anatomical" pulmonary hypertension and the repeated attacks of acute, reversible or "functional" increase in pulmonary arterial pressure seen in patients with chronic bronchitis are both due to the same cause, alveolar hypoxia.
